Long-Evans Cinnamon (LEC) rats, an inbred strain of a mutant rat isolated from Long-Evans rats, develop hereditary hepatitis. To elucidate the role of copper metabolism in the development of the hepatitis in LEC rats, we examined the copper concentration in the tissues and serum levels of copper and ceruloplasmin. Copper concentration in the liver of LEC rats was over 40 times that of normal Long-Evans Agouti (LEA) rats, while the serum ceruloplasmin and copper concentrations in LEC rats decreased significantly. The hepatocytes of LEC rats show steatosis in cytoplasm and pleomorphism of mitochondria, resembling the histologic features of the liver in Wilson's disease. These findings suggest that the hereditary hepatitis in LEC rats is closely associated with copper toxicity, and may be dealing with a rat form of Wilson's disease. Thus the LEC rats will provide a unique and useful animal model for clarifying the mechanism and for developing treatment strategies for Wilson's disease and other abnormal copper metabolism in humans. (J. Clin. Invest. 1991. 87:1858-1861
Introduction
Long-Evans Cinnamon (LEC)' rats, an inbred strain of a mutant rat that was originally isolated from a closed colony of Long-Evans rats, develop acute hepatitis -4 mo after birth (1, 2) . Those rats that survive acute hepatitis suffer from chronic hepatitis, and develop hepatocellular carcinoma from 1 yr after birth. The acute hepatitis resembles human fulminant hepatic failure both clinically and histopathologically. Although ge-autosomal recessive manner, the pathogenesis of hepatic disorders in LEC rats has not yet been clarified (1-3).
Wilson's disease, one of the hereditary hepatic diseases in human (4) , is also known to be caused by an autosomal recessive disorder (5) . The most characteristic feature of Wilson's disease is the accumulation of copper in tissues, particularly those of the liver and brain (6) ; in some patients the disease takes a clinical course which can hardly be distinguished from fulminant hepatic failure (7) (8) (9) . Noting the similarity in the inheriting manners as well as the clinical features of LEC rat hepatitis and human Wilson's disease, we examined the copper concentration in LEC rat tissues and serum, as well as the serum level of ceruloplasmin and the histological and clinical changes related to copper toxicity.
Methods
The LEC rats were maintained under normal conditions at the Center for Experimental Plants and Animals of Hokkaido University, Sapporo, Japan. The details of the origin, maintenance, and breeding history of the LEC rats have been previously described (1, 2) . Long-Evans Agouti (LEA) rats, which are a sibling line of LEC rats and do not develop hepatitis and hepatocellular carcinoma, were used as a control. The LEC and LEA rats used in this study were at 50th and 49th generation of brother-sister mating, respectively. The LEC rats will be available on a commercial basis from Charles River Japan, Inc., Kanagawa, as of spring, 1991.
We used male and female LEC rats aged 2 d and 3 mo that had not yet developed acute hepatitis, and those aged 8 mo with chronic hepatitis. The animals were killed under ether anesthesia and blood was taken from the inferior vena cava. The liver, kidney, and brain were quickly removed, weighed, and frozen-stored at -80°C. Sera were separated and frozen-stored at -20°C. The tissues were wet ashed with nitric, perchloric, and sulfuric acid, and copper concentrations were determined with an atomic absorption spectrophotometer (Model 180-30; Hitachi Ltd., Tokyo, Japan). The sera were diluted with 0.1% Triton X-100 (Wako, Osaka, Japan), and the copper concentrations were determined with a polarized Zeeman atomic absorption spectrophotometer (Model Z-8 100; Hitachi). The serum ceruloplasmin concentration was measured as a serum oxidase activity by the method of Schosinsky et al. (10) : samples were mixed with the optimal concentration of odianisidine dihydrochloride (7. 88 mM) in 0.1 M acetate buffer (pH 5.0), and the absorption at 540 nm was measured. The oxidase activity was calculated as follows: activity (U/liter) = (absorption at 15 min -absorption at 5 min) X 625. For histochemical examinations, the paraffin sections were made from the livers and stained with rhodanine and orcein. The sections of freshly frozen liver tissue were stained with Sudan III. For electron microscopy, the Epok-8 12 embedded sections were made from the livers and stained with uranyl acetate and lead citrate, and observed by Hitachi H-800 microscope.
The statistical significance was evaluated by Student's t test. The experiments were approved by the Animal Care and Use Committee of our institution.
Results Table I shows that copper had accumulated more densely in the liver of all the LEC rats than in the liver of age-and sexmatched LEA rats; the respective concentration values of 3-and 8-mo old LEC rats were over 50 and 40 times higher than those ofage-and sex-matched LEA rats. Copper concentration in the brain was significantly low in 3-mo old LEC rats, both male and female, but high in 8-mo old male LEC rats compared with those in age-and sex-matched LEA rats. Although copper concentration in the kidney was higher in 8-mo old LEC rats than in LEA rats, there was no statistically significant difference between the two strains (Table II) .
Ceruloplasmin is a glycoprotein containing 90-95% of the copper in the serum. In both 3-and 8-mo old LEC rats, the serum levels of ceruloplasmin and copper decreased significantly (Table III) .
The hepatocytes in all specimens of LEC rat liver were stained by neither rhodanine nor orcein, but rhodanine and orcein positive granules were found infrequently in the Kupffer cells of LEC rats with chronic hepatitis. Sudan III staining revealed steatosis in the hepatocytes of LEC rats (Fig. 1) , while ultrastructural examination revealed lipid droplets in cytoplasm and a striking pleomorphism of mitochondria in the hepatocytes (Fig. 2) .
Neurological symptoms often appear in untreated patients with Wilson's disease (8, 9) . Some LEC rats aged between 8 and 12 mo occasionally went into convulsion whereas no LEA rats showed this symptom. The Kayser-Fleischer ring in the cornea was not detected macroscopically in LEC rats until 8 mo after birth.
Discussion
Shortly before the onset of hepatitis, the copper concentration in the liver of 3-mo old LEC rats reached a toxic level. Recently, Togashi et al. found that an oral administration of D> penicillamine, a chelating agent that is widely used in the treat- Copper concentration was determined by atomic absorption spectrophotometry. Data are means±SE with three rats. * P < 0.00 1; * P < 0.05 vs. age-and sex-matched LEA rats. Ceruloplasmin concentration was determined as a serum oxidase activity. Copper concentration was determined by atomic absorption spectrophotometry. Data are means±SE with three rats. * P < 0.001; * P <0.005 vs. age-and sex-matched LEA rats. (16, 17) , the primary defect is unknown (8, 9, 18) . Although treatment with chelating agents (19, 20) is very effective in the early stage, the disease is drug-resistant and has a poor prognosis both when acute hepatic crisis occurs and when it is in the advanced stage (8, 9) . Animals have rarely been known to develop hereditary hepatic disorders with copper accumulation (21, 22) . In toxic milk mice, the pups fed with their mother's milk show a reduced hepatic copper level and copper deficiency symptoms, but those fed with the milk of a normal female accumulate copper in the liver (23, 24) . Although many Bedlington terriers show a congenital gross copper accumulation in the liver, they show normal or elevated plasma ceruloplasmin levels and do not develop characteristic neurological disturbance (25, 26) . The LEC rats therefore will offer a unique and useful animal model for studies of Wilson's disease and other abnormal copper metabolism, including the clarification ofthe pathogenesis and development oftreatment strategies.
